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ABSTRACT  
Biomass carbon could be sequestrated in form of biochar, an aromatized carbon structure 
produced by pyrolysis. Inherent minerals are reactive constituents that interact with organic 
contents during pyrolysis, significantly affecting the properties of the pyrolysis product. 
Despite their importance, their influence on biochar-carbon sequestration has been rarely 
studied. This study selected four types of biomass: barley grass, peanut hull, cow manure and 
sewage sludge to investigate the influence of inherent minerals on carbon conversion during 
pyrolysis. Results showed removal of inherent minerals shifts the peak biomass conversion to 
a higher temperature (370oC) compared to biomass with inherent minerals being present 
(330oC). It also led to reduced emissions of low molecular weight organic compounds. 
Compared to pristine biomass, more carbon (3.5-30.1%) could be retained in biochar along 
pyrolysis after removing inherent minerals. And it showed increased resistance to chemical 
and thermal oxidation decomposition, indicating higher carbon stability and therefore carbon 
sequestration potential. Instrumental analysis showed removal of inherent minerals facilitated 
disappearance of oxygen-containing functional groups such as C=O, O=C-O and C-O, while 
promoting C-C/C=C bonds, indicating higher aromatization of biochars. This study suggested 
that to remove minerals prior to pyrolysis can be a promising approach for strengthening 
carbon-sequestration potential of biochar. 
 
KEYWORDS: Biochar, Inherent minerals, Carbon retention, Oxidation resistance, 
Chemical state of carbon 
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INTRODUCTION  
The issue of climate change and global warming has been gaining increasing attention in 
recent years, including technologies for managing greenhouse gases (GHG) emissions into 
atmosphere.1, 2 Besides techniques focused on removal of GHG (mainly CO2) emissions from 
large point sources, technologies for removal of carbon indirectly from the atmosphere have 
also been proposed and intensively researched. Humanity appropriates net primary biomass 
production, and this generates a large volume of waste biomass, including plant and animal 
residues.3 The carbon contained in these organic residues is usually released into the 
atmosphere through natural processes (biodegradation) or human activities (e.g., 
incineration), and therefore presents an important source of GHG contributing the major 
source of GHG.4 Biochar, as a pyrolytic carbonization material, comes from the waste 
biomass under the condition of limited O2 and a relatively low temperature (300-700oC). It is 
a promising strategy of carbon sequestration, which has been widely studied in the past 
decade.5, 6 Previous work has demonstrated that biochar could be stored in soil as a stable 
carbon pool.7, 8 The ability of biochar to sequester carbon depends on the carbon retention 
ratio in solid product after pyrolysis, the oxidation/degradation resistance of biochar,9-12 and 
the interaction of biochar with soil components, etc.13 All these factors are highly related to 
the microstructure and chemical composition of the biochar, which is in turn dependent on 
biomass feedstock and pyrolysis conditions.3  
Inherent minerals in various biomasses, including various metal elements (K, Na, Ca, Mg, 
Fe, etc.), are a significant component with considerable impacts on its properties and 
performance in thermochemical conversion.3 Despite an extensive body of published research 
on biochar carbon stability, no systematic investigation of the effects of inherent minerals on 
carbon sequestration potential of biochar has been reported to date.14 In fact, inherent biomass 
minerals are quite reactive and have a potential catalytic effect during pyrolysis.15, 16 It was 
found that the inorganic minerals could alter the distribution of the solid, liquid, and gaseous 
products during the pyrolysis process.17 They could even make more homogeneous 
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constituents with relatively small molecules.18, 19 For instance, Patwardhan et al.20 and 
Shimada et al.21 demonstrated that inorganic salts (K+, Na+, Ca2+, Mg2+) increased the gaseous 
yield of low molecular species. Liu et al.22 reported that Cu promoted bio-oil formation during 
pyrolysis of the wood chips. This was ascribed to the ability of Cu to catalyze lignin 
degradation into smaller molecules. Other studies showed opposite effects. Kinata et al.23 
found that wood chips containing KCr(SO4)2 and H3BO3 yielded less CO and CO2, but more 
charcoal in their pyrolysis products. Previous findings mainly focused on pyrolysis products 
concerning energy recycling, while few studies paid attention to how inherent minerals 
influence the microstructure of carbon and the implications to carbon sequestration.  
In this study, we conducted a series of experiment to 1) investigate how inherent minerals 
in biomass influence their thermal decomposition and carbon sequestration capacity of 
biochar; 2) detect the surface functional groups and chemical state of C on biochar, as well as 
the microstructure of biochar-carbon for elucidating the effect of minerals on carbon 
evolution during biochar formation; 3) explore the minerals-carbon interactions via detecting 
the carbon evolution under a series of pyrolysis temperatures. 
MATERIALS AND METHODS 
Removal of Inherent Minerals from Biomass. Four types of common biomass, barley 
grass (BG), peanut hull (PH), cow manure (CM), and sewage sludge (SS) representing a 
range of agricultural and municipal organic residues with different inherent mineral 
constituents were collected from Shanghai, China. Biomass was air-dried and shredded into 
approx. 1cm particles (XL-6B, China), and further was sieved through 2 mm sieve. According 
to the different biomass shapes and properties, the particle size distribution of barley grass 
and peanut hull ranged from 1 mm to 2 mm, and that of dairy manure and sewage sludge 
ranged from 0.5 mm to 2 mm. To remove inherent minerals, a mixture of 0.5 mol·L-1 HCl and 
0.5 mol·L-1 HF was used to rinse the biomass (w/v=1/30).24 The biomass and acid solution 
were mixed evenly and shocked for 24 h. After acid treatment, the biomasses were washed to 
a neutral pH with deionized water by filter gauze, and then they were placed in oven under 
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80oC for 24 h-drying. After removing minerals, the particle size distribution of barley grass 
and peanut hull showed little change, and still maintained between 1mm and 2mm.While the 
particle size distribution of dairy manure and sewage sludge increased from 0.5-2 mm to 1-2 
mm due to the slight aggregation. This process removed almost all inherent minerals and 
minute quantities of dissolved carbon (disregarded). Table 1 showed the inherent minerals 
removal rates of four biomasses by the change of the ash contents before and after acid 
treatment. And there were less impact on the followed calculation about carbon retention and 
stability. For simplicity, the demineralized barley grass, peanut hull, cow manure, and sewage 
sludge were named as DM-BG, DM-PH, DM-CM, and DM-SS. Their elemental compositions 
are shown in Table 1. 
Biochar Production and Characterization. Biochars were produced in a tube furnace 
pyrolysis system under N2 atmosphere. Pyrolysis process was performed at a heating rate of 
15oC·min-1, and the samples were held for 2 h at the final temperature of 500oC. This 
temperature was selected considering the balance of carbonization degree and the yield and 
cost. Then the samples were cooled down under oxygen-limited conditions. The samples were 
grinded to fine powder in a ball mill (QM-3SPO4, China) and stored in a dryer for analyses. 
Biochar pH was measured after shaken for 10 min in distilled water using a digital pH meter 
(pH510, alalis, USA) with a solid-to-liquid ratio of 1:20 (w/v).25 Content of C, H, N and S in 
biochar was analyzed using an elemental analyzer (Vario EL III, Elementar, Germany). Ash 
content of biochar was determined by weight loss after heating to 550oC in an oxygen 
atmosphere for 4 h. 3 Crystalline structure of biochar was evaluated by X-ray diffractometer 
(XRD, D/max-2200/PC, Rigaku, Japan) with a scan speed of 2o·min-1 and scan angle ranging 
from 10° to 80°. All the measured biochar properties are shown in Table S1 and Figure S1.  
Biomass Decomposition and Carbon Retention in Biochar. The conversion rate of 
organic matter was calculated based on the difference of organic fraction before and after the 
pyrolysis. The carbon retention was calculated by contrasting the carbon contents of biochar 
and biomass. The experiment was run in triplicate. 
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Organic matter conversion (%) =
Wbiochar-Wminerals
 Wbiomass-Wminerals
×100%     (1) 
  Carbon retention (%) =
Cbiochar
 Cbiomass
 × Ybiochar               (2)     
Where Wbiochar and Wbiomass are the weight (%) of biochars and biomass, respectively, while 
Wminerals is the minerals weight (%), i.e., ash content. The Cbiochar and Cbiomass are carbon 
contents (%) of the biochar and biomass, respectively, and Ybiochar is the yield (%) of biochar. 
In order to research the dynamical pyrolysis process, a thermogravimetric-mass spectrometry 
(TGA/DSC1, Netzsch, Germany) was used to emulate the biochar production conditions 
experienced by the biomass under N2 atmosphere (300 mL·min-1) in tube furnace system. The 
mass loss of biomass and the gas release were monitored simultaneously. 
Oxidation Resistance and Carbon Microstructure of Biochar. The surface functional 
groups were detected by FTIR spectroscopy (IR Prestige 21 FTIR, Shimadzu, Japan). The 
long-term stability could be assessed via chemical K2Cr2O7 oxidation and TGA in air/O2,13,26 
since these could simulate the disintegration of carbon skeleton in a simulative extreme 
oxidation environment.27 More details could be found in the Supporting Information. The 
Raman Spectroscopy (Senterra R200-L, Bruker Optics, Germany) were used for analyzing the 
carbon microstructure of biochar.  
Interaction of Inherent Minerals and Carbon in Pyrolysis Process. To elucidate the 
interaction of inherent minerals and carbon during biomass pyrolysis, one biomass type (cow 
manure) was selected to produce biochar in a series of temperature (300oC, 400oC, 500oC, and 
600oC) and several instrumental analyses were conducted. Cow manure was selected because 
it contained more common minerals such as K, Ca, Mg, etc, compared with other biomass. X-
ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, Shimadzu Kratos, Japan) was 
performed to detect the bonding energy of carbon on biochar surface. The constituents of the 
pyrolyzed gas were online using a thermogravimetric analyzer connected to an FTIR 
spectrometer and gas chromatography mass spectrometer (TG-FTIR-GCMS, 
TGIRGCMS/TGA8000, USA).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
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RESULTS AND DISCUSSION  
Inherent Minerals Reduced the Carbon Retention of Biochar. There was a large 
distinction of the inherent minerals contents among these four types of biomass (Table 1). As 
expected, K, Ca, Mg, Fe, Al were the main components in these biomass residues. Acid 
washing significantly removed these minerals with their contents being reduced by 88.7%, 
81.7%, 85.3% and 51.5% for barley grass, peanut hull, cow manure and sewage sludge, 
respectively. The low ash removal rate of sewage sludge (51.5%) indicated the presence of 
insoluble inorganic sediments. As shown in Figure S1, in plant residues, KCl, calcite 
(CaCO3), whitlockite ((Ca, Mg)3(PO4)2), and calcium oxalate (Ca(COO)2) were detected, 
while in sewage sludge, the main species of Fe and Al were hydroxyl oxidize iron (FeOOH) 
or aluminum hydroxide (Al(OH)3). Detailed profile of inherent minerals in biomass is 
presented in Table 1. 
The demineralization decreased the yield of biochar from 27.8-48.0% (dry basis) to 24.9-
43.0% (dry basis), but raised the carbon content from 21.9-69.8% to 36.6-81.8% (ash free 
basis) (Table S1). With minerals removal, the conversion rate of the organic matter was raised 
by 15.3%, 5.60%, 16.6% and 61.6% for BG, PH, CM, and SS, respectively. Accordingly, the 
carbon retained in biochar after pyrolysis were raised by 3.66%, 2.76%, 6.68% and 23.1%, 
respectively (Figure 1). Compared to CM and SS, the contents of inherent minerals in BG and 
PH were much lower (Table 1), suggesting that removal of inherent minerals seemed to have 
positive effect on carbon retention.  
Inherent Minerals Intensified Decomposition of Carbon during Biomass Pyrolysis. 
The results of TGA and DTG (Figure 2) confirmed that the inherent minerals intensified the 
decomposition of carbon in biomass during the pyrolysis. There are two peaks on the DTG 
curves for almost all the biomasses. For the pristine biomasses, the first peak appeared at 
about 300oC, and the second peak appeared at about 330oC while for the demineralized 
biomasses, the second peak moved to 370oC. Also, the intensity of the second peak of the 
demineralized biomass was much higher than that of the pristine biomass, except for the 
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sewage sludge. This means that removal of minerals (K, Ca, Mg) greatly promoted the 
biomass decomposition corresponding to the second peak, however this occurred at a higher 
temperature compared to the raw biomass. This phenomenon was attributed to the catalytic 
effect of inherent minerals on thermal conversion of key biomass constituents, such as, lignin, 
cellulose and hemicellulose.28, 29, 30 Significant influence of minerals on biomass 
decomposition typically appears at 300-400oC, since the cellulose and lignin decompose in 
this temperature range. This leads to a transformation of the carbon skeleton into amorphous 
state with generating a lot of small molecule organic compounds such as CO2, CH4, C2H4O2, 
etc.22, 31  
The release of the small molecular substances also proved that inherent minerals could 
catalyze degradation of carbon structure (Figure S2). It was obvious that the peaks of CO2, 
CH4, C2H4O2, C3H6O, C3H6O2, and C4H4O of the pristine biomasses were much higher than 
those of the demineralized biomasses, except for the sewage sludge. The integral area of these 
peaks were listed in Table S2. Alkali and alkaline earth metal played an important role in 
catalyzing the decomposition of biomass.32 K-containing compounds catalyzed the secondary 
cracking of volatiles produced in the pyrolysis process to generate more small gas compounds 
(e.g., CO, H2, CH4, C2H4, CO2).33 Ca-containing compounds could control the cleavage of the 
glycosidic bonds in cellulose impacting yields of levoglucosan and cellobiosan.34 In our study, 
this phenomenon was particularly obvious for the plant-like biomasses containing more K, 
Ca, and Mg. In contrast, sewage sludge contained more Fe and Al, which potentially made it 
draw an opposite conclusion. Previous research suggested that Fe2O3 and activated Al2O3 
hindered the earlier degradation of volatile components such as fat and protein.35 Thus the 
demineralization of sludge caused the peak decomposition appeared at a lower temperature.  
Inherent Minerals Weakened the Oxidation Resistance of Biochar-Carbon. The carbon 
sequestration capacity of biochar depends on its stability in environment, which could be 
evaluated by the oxidation resistance of biochar-carbon. The chemical state of C on biochar 
surface and C loss in oxidizing agent were detected to offer information about short-term and 
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long-term stability of biochar-carbon.  
Surface functional groups carrying biochar-carbon played an important role in the 
oxidation resistance of biochar-carbon.36 The presence or absence of minerals presented a 
deviation in some of peaks for these formed functional groups (Figure 3). Ablation of 
hydroxyl (-OH) and aliphatic CH2 during pyrolysis seemed less influenced by minerals, which 
was represented by peaks at 3404 cm-1 and 2909 cm-1.36 Peaks at 1575 cm-1, representing 
aromatic C=C/C=O, were higher in the demineralized biochars than the original ones,31 
especially in the cow manure biochar, which had a highest amount of minerals removal (Table 
1).31,37,38 Whereas this change was not obvious in sewage sludge biochar. A significant 
difference at peaks of 1405-1041 cm-1 was observed before and after the removal of inherent 
minerals indicating that the absence of inherent minerals facilitated the disappearance of -
CH2, C-O and C-O-C.37, 39 Perhaps inherent minerals hindered the aromatization process via 
retaining more O-containing functional groups such as phenolic monomers or via hindering 
their release.39 Stretching vibration of Si-O-Si groups (1041 cm-1 and 800 cm-1)37, 41, 42 were 
widespread in all the biochars, which seemed not affected by demineralization, which 
accorded with the obvious diffraction peak of SiO2 in the XRD curves (Figure S1).These 
results infers that inherent minerals perhaps have a negative effect on the formation of 
aromatic carbon. 
To further understand the chemical state of C on the biochar surface, the cow manure 
biochar with the most abundant minerals was selected to analyze the bond energy of C 1s 
using X-ray photoelectron spectroscopy (XPS) (Figure S3). The energy spectrum consisted of 
five peaks including C-C/C=C at 284-285 eV, alcoholic hydroxyl, phenolic hydroxyl or ether 
C-O at 285.4-286.0 eV, carbonyl or quinonyl C=O at 287 eV,43-45 and carboxyl or ester O=C-
O at 288.2-288.7 eV.46, 47 The percent of C-containing surface groups was listed in Table 2. 
The C=O and O=C-O only appeared in the original biochar. Furthermore, the percent of C-O 
was triple in the original biochar than that in the demineralized biochar. Oppositely, the 
content of C-C/C=C in the demineralized biochar was obviously higher than that in the 
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original biochar. These results accorded with the above results (Figure 3) greatly, gathering 
our focus on the O-containing functional groups. The conclusion could be confirmed that 
inherent minerals intensified thermal decomposition of carbon structure, while hindered the 
carbonization process, then weakened the oxidation resistance of biochar.48 
The oxidation resistance of the whole carbon skeleton of biochar was determined by 
K2Cr2O7 oxidation, a simulated extreme oxidation environment.13 The oxidized carbon by 
K2Cr2O7 was assumed as the unstable fraction of the biochar-carbon. It could be seen from 
Figure 4 that inherent minerals promoted more carbon to transform into unstable carbon in the 
pyrolysis process. The calculation basing on the dry basis of biomass showed that the mineral 
removal not only reduced the total carbon loss, but also increased the stable fraction of the 
biochar-carbon by 27.7-75.4%. It was noted that although demineralized sewage sludge still 
contained a considerable content of Fe (0.558%) and Al (0.243%) (Table 1), it also had a 
relatively high stable fraction of biochar-carbon, indicating that Fe and Al were not the 
catalyst that promoted carbon to transform into unstable carbon.13 The higher stability of the 
demineralized biochar was further demonstrated by their incineration curves in air (Figure 
S4). Yang et al.49 also reported that de-ashing treatment increased the activation energy of all 
biochar samples, probably due to the changes of the chemical composition and conformation 
of carbon structure.    
Inherent Minerals tended to Drive Formation of Disordered Structure in Biochar. 
Raman spectra were obtained to analyze the microstructure of biochar.50 Two clear peaks 
could be detected (Figure S5), one was corresponding to the in-plane vibrations of sp2-bonded 
amorphous carbon structures with structural defects (D band at 1350 cm-1), and the other was 
corresponding to the in-plane vibrations of the sp2-bonded graphitic carbon structures (G band 
at 1575 cm–1).51 The ID/IG correlated negatively to the graphitization degree of carbon 
structure. Fitting curves of the bands were integrated to calculate the area, being ID, IG and IAll. 
When minerals were removed from the plant-like biomass, ID/IG of the biochars decreased, 
while IG/IAll increased (Table 3). Specifically, ID/IG of the BG-biochar, PH-biochar, CM-
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biochar decreased from1.23 to 1.07, 1.18 to 1.11, 1.34 to 1.13, respectively, while SS-biochar 
was increasing from 1.16 to 1.22. Thus inherent minerals tended to drive formation of 
disordered structure or structural defects in biochar, which decreased the aromaticity of their 
carbon structure.48, 52 
How Inherent Minerals Interacted with Biomass-Carbon along Pyrolysis? Based on 
the above results, removing inherent minerals posed an obvious influence on carbon evolution 
during pyrolysis. It is worth noting that the influence of minerals on carbon retention 
increased along the rising pyrolysis temperature (Figure 5a).31, 53 The oxidation resistance of 
biochar was also enhanced accordingly (Figure 5b). The dynamic thermal-chemical reactions 
could be analyzed from the results of TG-FTIR-GCMS (Table S3, Figure 6). The main gas 
products of cow manure pyrolysis including small molecules such as Acetic acid, 
Chloromethane, Acetaldehyde, Butane, etc., and middle molecular substances mainly being 
Furfural, Pyrazole, or Furan, as well as some large molecular weight matters, D-
glucopyranoside, Cyclopropanecarbonyl chloride, Cortisol, Cholestane, etc. As can be seen 
from Table S3, both the original and the demineralized biomass showed a first peak 
decomposition temperature at 300oC, while their second decomposition peak occurred at 
330oC and 370oC, respectively. At 300oC, the pristine biomass with the existence of inherent 
minerals produced a relatively high percent of small molecules (48.8%) in the pyrolytic bio-
gas, while this value was as low as only 0.937% for the demineralized treatment, 
simultaneously the middle molecular (0.844%) and large molecular substances (5.87%) were 
detected. At the second peak, they both generated a similar percent of large molecular weight 
matter (8-10%). The pristine biomass still released a fraction of small molecular substances 
(1.22%), while the demineralized one generated a little middle molecular substances 
(0.418%) (Table S3).  
Significant influences of inherent minerals on the functional groups of gaseous pyrolysis 
product appeared mainly from the first decomposition peak (Figure 6). More O-containing 
substances (wavenumber around 1000 cm-1) released as large molecular substances for the 
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demineralized cow manure (Figure 6b), compared to the original cow manure (Figure 6a). 
This was consistent with the result that less O-containing functional groups retained on the 
demineralized biochar surface. The influence of minerals lasted to the end of the pyrolysis, 
resulting in more release of carbon as aromatized molecules (Figure 6a).  
Before pyrolysis, minerals are inlaid in the plant tissues, then they are emitted during the 
temperature of 250-400oC, and can be further released from the ash fraction at temperatures 
higher than 600oC.54 Kowalski et al.55 monitored alkali metal and alkaline-earth metals release 
and found that one peak of metal emission was in 300-400oC, while the other peak is at 
temperatures higher than 600oC. The first one is attributed to the decomposition of organic 
metal salts, while the second one is due to the evaporation of inorganic metal compounds. 
Reactions were assumed occurring in aerosols produced directly from the pyrolysis of 
biomass particles or through the superheated volatiles ejected out of biomass particle pores, 
which were made of submicrometer liquid droplets. The fine biochar particles entrained out 
from the separation system may serve as condensation nuclei for the aerosols containing 
alkali metal species. In this atmosphere, R-O-K, RCOO-K were formed via decomposition of 
organic K and the evaporated KCl (gas). Aromatization forwards along charring with rising 
pyrolysis temperature and R-aromatic-O-K was formed under pyrolysis temperature of 
600oC.54 
The catalytic effects of alkali metal minerals have been proved in many previous studies. 
Inorganic salts as low as 0.005 mmols·g-1 of cellulose were found sufficient to dramatically 
change the primary reactions that led to the formation of lower molecular weight species 
(especially formic acid, glycolaldehyde and acetol).20 As a result of faster competing 
reactions, lower levoglucosan yields were observed, which was a key intermediate substance 
would undergo dehydration, C-O bond scission, and C-C bond scission to form the aromatic 
carbon.54 Hu et al.56 elucidated that inherent alkali metals could enhance water-gas shift 
reaction and accelerated significantly the decomposition of levoglucosan, and meanwhile also 
could promote breakage and restructuring of hetero atoms.  
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As the indispensable constituent of biomass, the small amounts of metallic minerals in 
biomass play an important catalytic role in controlling the carbon sequestration capacity in 
pyrolysis process. Previous findings mainly focused on pyrolysis products concerning energy 
recycling, while few studies paid attention to how inherent minerals influence the 
microstructure of carbon, and the implications to carbon sequestration. In this study, the 
interaction between biomass-carbon and biomass-minerals along pyrolysis and the influences 
on carbon sequestration were explored, presenting a distinct insight to enhance the carbon 
sequestration efficiency. It should be noted that the effect of each type of inherent minerals to 
biochar-carbon sequestration along pyrolysis should be singly investigated in the future study. 
CONCLUSION 
Inherent biomass minerals are reactive constituents that interact with organic constituents 
during pyrolysis, significantly affecting the product distribution and properties. This study 
showed that inherent minerals, K, Ca, and Mg rather than Fe and Al could intensify thermal 
decomposition of carbon skeleton, making the bulk weight loss occur in a lower temperature 
(330℃), compared to that without minerals (370℃). Thus more carbon emitted with gas as 
low molecular weight organic matters (CO2, CH4, C3H6O, etc.) resulting to a reduction of 
carbon retention in biochar by 3.5-30.1%. Moreover, inherent minerals weakened oxidation 
resistance of biochar-carbon, with a significant reduction of stable carbon by 27.7-75.4% after 
K2Cr2O7 oxidation. Instrumental analysis (FTIR, Raman spectrum, TG-FTIR-MS, XPS) 
showed that presence of minerals induced more formation of oxygen containing functional 
group such as C=O, O=C-O, C-O-C and C-O. Removing minerals facilitated disappear of 
them, and increased C-C/C=C as aromatization of biochars were strengthened. It was 
assumed that R-O-K, RCOO-K were formed via evaporated KCl (gas). Inherent minerals 
tended to drive formation of disordered structure indicated by decreased ID/IG of all biochars 
when minerals were removed. This study offered a new sight for strengthening biochar carbon 
sequestration potential. 
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their thermal stability. Figure S5 Raman spectra of the biochars. Figure S6 Organic carbon 
loss rate of the biochars after K2Cr2O7 chemical oxidation. Figure S7 FTIR spectra of the 
biochars derived from the original cow manure (CM) and the demineralized cow manure 
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(DM-CM) at pyrolysis temperature of 300-600oC.
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Table 1. Elemental components and inherent minerals removal of the biomasses 
Elements C H N S K Ca Mg Fe Al Ash Minerals removal rate 
 ———————————————————————— % ————————————————————————
— BG 39.9 5.86 0.84 0.43 2.28 2.56 0.229 0.081 0.031 8.62 88.7 
DM-BG 46.6 6.16 0.58 0.10 0.03 0.53 0.068 0.024 0.131 0.97 / 
PH 44.1 5.95 1.20 0.24 1.77 1.50 0.183 0.165 0.175 4.64 81.7 
DM-PH 48.4 5.98 0.73 0.07 0.02 0.32 0.037 0.139 0.055 0.85 / 
CM 37.9 5.63 1.88 0.39 2.43 1.43 0.274 0.204 0.093 15.1 85.3 
DM-CM 47.5 6.10 2.07 0.26 0.11 0.58 0.028 0.066 0.025 2.22 / 
SS 34.8 5.10 4.04 0.94 0.96 1.24 0.177 2.747 0.96 35.6 51.5 
DM-SS 42.6 6.02 5.19 1.07 0.51 0.37 0.034 0.558 0.243 17.3 / 
(BG: barley grass; DM-BG: demineralized barley grass; PH: peanut hull; DM-PH: demineralized 
peanut hull; CM: cow manure; DM-CM: demineralized cow manure; SS: sewage sludge; DM-SS: 
demineralized sewage sludge)  
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Table 2. Percent of the peak area determined by XPS 
Biochar C-C/C=C C-O C=O O=C-O 
CM 63.6 25.5 5.68 5.18 
DM-CM 76.1 18.0 3.44 2.46 
(CM: cow manure; DM-CM: demineralized cow manure) 
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Table 3. Raman structural parameters of different biochars 
Biochar IG/IAll ID/IG 
BG 0.54 1.23 
DM-BG 0.66 1.07 
PH 0.57 1.18 
DM-PH 0.62 1.11 
CM 0.51 1.34 
DM-CM 0.72 1.13 
SS 0.55 1.22 
DM-SS 0.62 1.16 
(BG: barley grass; DM-BG: demineralized barley grass; PH: peanut hull; DM-PH: demineralized 
peanut hull; CM: cow manure; DM-CM: demineralized cow manure; SS: sewage sludge; DM-SS: 
demineralized sewage sludge) 
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Figure 1. Carbon retained in the biochars derived from different biomasses with or without 
inherent minerals. (BG: barley grass; DM-BG: demineralized barley grass; PH: peanut hull; DM-
PH: demineralized peanut hull; CM: cow manure; DM-CM: demineralized cow manure; SS: 
sewage sludge; DM-SS: demineralized sewage sludge) 
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Figure 2. TGA and DTG curves of the biomasses under N2 atmosphere to simulate the pyrolysis 
process. (BG: barley grass; DM-BG: demineralized barley grass; PH: peanut hull; DM-PH: 
demineralized peanut hull; CM: cow manure; DM-CM: demineralized cow manure; SS: sewage 
sludge; DM-SS: demineralized sewage sludge) 
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Figure 3. FTIR spectra of the biochars derived from the demineralized and pristine biomasses. 
(BG: barley grass; DM-BG: demineralized barley grass; PH: peanut hull; DM-PH: demineralized 
peanut hull; CM: cow manure; DM-CM: demineralized cow manure; SS: sewage sludge; DM-SS: 
demineralized sewage sludge) 
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Figure 4. Carbon loss rate of the biochars after K2Cr2O7 oxidation. (BG: barley grass; DM-BG: 
demineralized barley grass; PH: peanut hull; DM-PH: demineralized peanut hull; CM: cow 
manure; DM-CM: demineralized cow manure; SS: sewage sludge; DM-SS: demineralized sewage 
sludge) 
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Figure 5. Under 300-600oC carbon retention (a) and the oxidation resistance (b) of the biochars 
(take cow manure (CM) and the demineralized cow manure (DM-CM) as the representative 
example)  
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Figure 6. TG-FTIR curves of the pyrolysis gas for the original (a) and demineralized (b) cow 
manure (CM and DM-CM). 
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Graphic abstract 
 
 
Synopsis: An environmentally friendly carbon sequestration approach was established through removing 
the inherent minerals to change the pyrolysis process of biomass. 
